This review concentrates on the main fumigants currently applied to commodities: phosphine (PH 3 ) and methyl bromide (CH 3 Br). It discusses possible new fumigants, such as carbonyl sulfide (COS) and ethyl formate (EtF), that may be able to be applied in such a way that "residues" after fumigation do not exceed the range of natural levels. The review aims to raise some general issues and to suggest some general conclusions from a synthesis of studies on analytical chemistry and on fumigant behavior.
ties, but neither has an ADI. Thus, on a purely mathematical argument, the ratios (TMDI/ADI) and (EDI/ADI) are infinity for each fumigant, and, again mathematically, one needs to demonstrate 'zero' residues at time of consumption. It is, of course, impossible to demonstrate zero residues. As noted by Fox (10) , "in cases where contaminant concentrations are below the detection limit, many still misinterpret this to mean 'equivalent to zero'." The situation of fumigants applied to staple foodstuffs in the absence of ADIs certainly requires accurate and precise methods that are capable of demonstrating the absence (or presence) of residues at very low concentrations.
A possible conflict of interest should be declared, because the main work area of the authors is development of alternative fumigants to CH 3 Br and PH 3 , and we are coauthors, although without pecuniary interests, on use patents for COS (19) and cyanogen (C 2 N 2 ; 20). We have also claimed, with others (21) (22) (23) (24) (25) , that certain fumigants, principally COS and EtF, can be used such that residues in grain after fumigation and airing fall within the range of biogenic levels. Use of chemicals that decay to natural levels would be regarded as highly desirable, and the U.S. Environmental Protection Agency has recommended that formic acid be exempted from registration for several reasons, including its natural occurrence at high levels (26) . Such claims about residues declining to biogenic levels raise important general issues in analytical chemistry and are discussed in Should Natural Levels be Considered Residues and Are Fumigant Precursors Fumigants?
Summary of Techniques Used for Fumigant Isolation and Concentration

A summary of techniques for fumigant isolation and concentration, where the volatility of fumigants presents both problems and opportunities:
"Typical pesticide analytical methods include residue isolation, concentration, separation, identification and quantitation" (9) . This section is concerned with residue isolation and separation. Analysis of fumigant residues, like most residue analysis, starts with an extraction procedure that transfers the chemical to a homogeneous phase. For fumigants, this phase may be either air or liquid, whereas the homogeneous phase is liquid for most nonvolatile pesticides. The volatility of fumigants confers both advantages and disadvantages in residue isolation. A disadvantage is that certain cleanup techniques, such as column or thin-layer chromatography, cannot be used for all fumigants (3, 27) . The term "fumigant" covers a range of chemicals, and purification by Florisil column chromatography has been successfully used for nematocides such as dichloropropene (28) , for example, but would be inappropriate for the gaseous PH 3 . On the other hand, the volatility of fumigants enables determination in the vapor phase after use of a range of techniques that are outlined in Headspace Techniques; Distillation, Codistillation, and Purge-and-Trap Techniques; and Fumigants. Analysis in the vapor phase confers considerable advantages. First, it is an efficient cleanup procedure to remove fumigants from commodity matrixes. Second, it greatly reduces and, in many cases, eliminates problems of solvent contamination. Third, it usually results in rapid determinations, and this is especially the case when a single fumigant is determined by gas chromatography (GC) with a specific detector.
There are 3 principle methods used to transfer fumigants from commodities to a homogeneous phase: (1) solvent extraction (29, 30) ; (2) headspace techniques where fumigant residues are determined from partitioning into the gas phase (31, 32) ; and (3) distillation, including purge-and-trap techniques (33) (34) (35) (36) (37) , or codistillation with an organic solvent, such as benzene (38) , toluene (27) , or hexane (39) . The methods are not mutually exclusive because some solvent methods are also headspace methods, but classification is useful for purposes of discussion.
Solvent Extraction
Extraction of fumigants into solvents is essentially similar to extraction of less volatile chemicals in that it involves steeping foodstuff, sometimes after blending or grinding, in an appropriate solvent. It often involves liquid-liquid partitioning (e.g., acetone extracts may be diluted with a salt solution and the fumigant back extracted into isooctane; 40, 41) . There are perhaps 2 major differences between analysis of fumigants by solvent extraction and analysis of nonvolatiles by solvent extraction. First, fumigants often have similar GC retention times to commonly used solvents, and this presents difficulties. The procedure of extracting into isooctane is one approach to solving this problem because it enables elution of fumigants on GC columns before the solvent. The second difference is caused by the partitioning of some nonvolatile fumigants into the headspace above the solvent. That is, not all the fumigant remains in the solvent, and the possibilities of loss of fumigant in the vapor phase are considerable. Solvent extraction of fumigants is discussed more fully in Solvent Extraction Method: An Evolution.
Headspace Techniques
The term headspace chromatography is frequently used to describe procedures in which volatile organic chemicals (VOCs) are partitioned from a liquid phase or a commodity into the gaseous phase, in a closed system, prior to determination (42) . VOCs, including fumigants, in water are increasingly determined by maintaining the water at a constant temperature in a closed system and determining amounts in the vapor phase (42) . Other techniques that may be regarded as "headspace" methods include the following:
(1) Determining the amount of fumigant released by standing (43) or grinding wheat (32) , grinding and heating (44) , microwave irradiation (45) or heating (46) ; (2) determining the amount released from foodstuffs after grinding nuts or other foodstuffs (47, 48) or after homogenizing grapefruit (31) in a salt solution; (3) determining the amount of fumigant partitioned into the headspace after solvent extraction (49) .
Each of these methods require a closed system to avoid fumigant escape. The methods usually require a stable partitioning between 2 components, for example, between air and either water or solvent plus foodstuff. In at least one case (45) , complete release from the foodstuff is assumed, and techniques that may generate "complete" release are discussed in 
Distillation, Codistillation, and Purge-and-Trap Techniques
In distillation techniques, fumigants may be codistilled with water (33) , made into an azeotrope with an organic solvent (27, 38, 39, 50) , or heated with water and purged with a stream of air or N 2 (34, 37) . The fumigant is trapped in a variety of media, including liquid and solid traps and, for PH 3 , by purging into an evacuated container (51) .
Distillation and headspace methods are based on release of fumigants from the material to be analyzed into the vapor phase. Headspace methods usually (and perhaps necessarily) require an equilibrium partitioning of fumigant between phases, whereas distillation procedures usually aim at complete removal of the fumigant. This is achieved by extensive heating over considerable periods, for example, by purging fumigant from foodstuff plus boiling water. Techniques of distillation, including purge-and-trap techniques, are discussed more fully in Fumigants.
Specific Techniques for Volatile Fumigants and Multiresidue Procedures
A discussion on fortification studies, outlining both problems common to all chemicals and problems specific to fumigants, especially gaseous fumigants:
Many of the multiresidue methods developed for fumigant analysis were developed principally for liquid fumigants, such as CCl 4 and EDB (e.g., 30, 37, 38, 40, 41) . However, recent emphasis is on more volatile fumigants, such as PH 3 and CH 3 Br, principally because these are the main fumigants currently used on foodstuffs. Existing multiresidue procedures for liquid fumigants are not effective for more volatile fumigants or, at least, are not effective without modification. For example, PH 3 can be distilled from a commodity, but it is difficult to trap without also trapping copious quantities of water. Therefore, the procedure used is to "trap" it by purging into an evacuated container (51) rather than trapping in a solvent or a solid trap. Similarly, attempts to partition PH 3 into isooctane fail because the gas is lost during this process, so the multiresidue methods of solvent extraction (e.g., 40 ) cannot be used or, at least, cannot be used without modification (52) . Headspace techniques are used for PH 3 (e.g., 32) and CH 3 Br (e.g., 31), but these are not multiresidue techniques.
The need for specific procedures for PH 3 and CH 3 Br is regrettable, although understandable, because specific procedures for individual fumigants greatly increase the cost of screening programs.
Fortification Studies
A discussion on extraction procedures common to fumigants and nonvolatile chemicals, principally solvent extraction methods:
Problems Common to All Chemicals and Problems Specific to VOCs
Fortification studies are part of residue methodology, but reliance on them can result in errors. In addition, there are specific problems in fortification studies with VOCs. These 2 aspects of fortification studies are discussed below.
In 1962, Gunther (53) wrote: "It has been a practice in some residue laboratories to add a known amount of the compound of interest (fortification) to a portion of the control sample, then to process and analyze this fortified subsample, and to claim that the percent recovery so obtained represents the efficiency of the processing and subsequent operations. This practice is illusory except in a few instances, permissible examples being a pesticide dissolved in olive oil or in a clarified fruit juice."
Gunther (53) then proceeded to state that "recovery data so obtained are essentially valueless." Without using the words, Gunther drew a distinction between recovery data from homogeneous substrates (olive oil) and heterogeneous substrates (e.g., milk, cereals), and a justification of this distinction is given in Thermodynamics of Residue Analysis in Heterogeneous Substrates. That results based purely on fortification studies are "illusory" is well exemplified by studies on CCl 4 and EDB, but the general principle applies to all residue studies. For example, Scudamore and Heuser (54) compared 2 methods of extraction of CCl 4 from cereals from both freshly fortified samples and incurred residues after airing for periods of as long as 180 days. The 2 methods were codistillation with an organic solvent and solvent extraction with aqueous acetone. For freshly fortified samples, steam distillation and solvent extraction gave recoveries that were essentially identical and quantitative. However, the ratio of residues recovered by codistillation to that recovered by solvent extraction declined with age of deposit for the tested period of 12 weeks (Figure 1) . In addition, the rate at which solvent extracted fumigant from grain was much faster for deposits aired for 1 day than for deposits aired for 180 days (Figure 1 ). Thus, procedures such as extraction for 1 day or codistillation gave quantitative recoveries from fortification studies but underestimated "aged" residues by factors of up to 3. Heuser (29) summed up these and similar results by stating that "it is essential that test material be prepared as in practice so that the residues are realistic ones and not merely spiked samples." In a study on analysis of fumigants by extraction in acetone, the British panel on fumigant residues in grain (55) stated that "the normal spiking procedures used in collaborative studies were unsatisfactory for investigations with volatile fumigants. In practice, fumigants pass into grains in an aging process and the fumigant, while still largely intact, cannot be recovered so readily after some weeks as it can soon after addition." Similar results have been reported from a number of authors (38, 44, 55, 56) . A particular example of why results that rely on fortification studies are illusory is given by Suzuki et al. (57) in a study on EDB residues in grapefruit. In that study, almost all the residues in incurred samples were found in the seeds so that the lipophilic matrix in which residues occur is quite different from the skin or pulp used in fortification studies. Fumigants are also unevenly distributed in other commodities, for example, in grain concentrate in bran and germ (23, 54, 58) . Similar distributions of less volatile "grain protectants" have been reviewed (59) .
A similar pattern of results to those for CCl 4 was obtained for EDB (50) in a study where codistillation with hexane was compared with solvent extraction. It was necessary to use 3 consecutive distillations with hexane to obtain a level of residue within 10% of that obtained by solvent extraction. Of equal significance, the proportion of total EDB recovered from incurred deposits in each distillation was not equal. That is, the recovery of EDB in any single distillation was dependent on factors other than the amount of chemical. Five consecutive codistillations with hexane were required to obtain maximum yields of liquid fumigants, such as dichloroethylene, from grains (44) . Between the 1973 study by Scudamore and Heuser (54) on CCl 4 and the 1986 study by Clower et al. (50) on EDB, there were not only several studies that dealt with incurred residues (e.g., 39, 60) , but also a large number of studies on determination of EDB where the method was justified entirely on recovery data from fortified samples. Should results from these methods be regarded as no more than a statement that residues are at least the value reported?
The above examples illustrate that some properties of fumigant residues, such as speed of extraction into solvents or proportion codistilled, depend on factors other than the amount of chemical, and depend on the age of deposit. The thermodynamic significance of such results is discussed in Thermodynamics of Residue Analysis in Heterogeneous Substrates.
Fortification studies, of course, are essential in residue determination because recovery of fortified samples is a simple way of assessing the survival of an analyte in the matrix to be examined. However, they do not determine the extent of recovery of incurred samples. Ways of determining extent of recovery are examined in Thermodynamics of Residue Analysis in Heterogeneous Substrates and Toward a Unification of Protocols for Fumigant Analysis, and they generally involve measuring incurred residues by a variety of procedures of the type outlined by Heuser (29) . This is generally a more complex and time-consuming task that assesses recoveries of fortified samples by a given procedure. This is especially the case as there are no reference samples of incurred fumigant residues. Nevertheless, we hold with the findings of Heuser (29) and Gunther (53) , for example, that validation of a procedure for determining residues in heterogeneous matrixes requires evaluation of residues in incurred samples. One referee disagrees with our judgment and asks how one can determine accuracy of the method from incurred samples. We attempt to answer this question in In fortification studies with nonvolatile pesticides (e.g., deltamethrin) chemicals are added, usually in solution, to a commodity and left a short period before extraction begins. Thus, fortification studies begin with the chemical sorbed on grain, and incurred residues are also sorbed on grain. However, if one attempts to perform fortification studies with gases, the chemical used for fortification will largely remain in the gaseous phase, whereas the incurred residue will be sorbed on the grain. This problem is especially severe if the vapor is poorly sorbed on the commodity, as is the case, for example, for PH 3 on grain (61 3 by adding it to the leachate over grain in a sealed container. None of these methods addresses the problem of extracting incurred residues of PH 3 from grain. The studies have some relevance, but it is very limited. For example, the latter study (52) provides data on the stability of PH 3 in the system. The former study (62) demonstrates that the trapping medium was efficient. However, each study is "useless" for the purpose of determining procedures for transferring bound residues to a homogeneous phase prior to determination. The problem is not new because Nowicki (51) stated that there was no procedure for determining recovery of sorbed PH 3 , as distinct from a procedure for determining recovery of PH 3 from metal phosphides, and the panel on fumigant residues (55) recognized the problem even for liquid fumigants. Nowicki (51) argued that the method of PH 3 analysis based on recovery from aluminium phosphide was valid because it detected sorbed PH 3 (i.e., it detected PH 3 applied as a gas). This argument fails to address the problem of quantitation of sorbed fumigant, and this issue is addressed in Determination of PH 3 from Sorbed Fumigant and from Phosphides. Problems of fortifying commodities with CH 3 Br or EO are similar to those for PH 3 .
There are 2 distinct but related problems in fortifying foodstuffs with chemicals where a significant proportion exists in the vapor phase. One problem is preventing loss of the chemical through leaks. Techniques for retaining gases have been developed to minimize losses from the system by, for example, conducting all operations in sealed systems and by minimizing the headspace over commodities (63, 64) . However, even if leakage is prevented, the problem of low sorption remains. We offer no direct solution to the problem of fortifying commodities with gases that are poorly sorbed on the commodities, but it is important that the problem be recognized. In Classification of Techniques Based on Release of Fumigants in the Vapor Phase and in Toward a Unification of Protocols for Fumigant Analysis, however, we discuss alternative procedures to avoid reliance on fortification studies where it is not feasible to conduct such studies in a realistic manner.
Maskarinec et al. (65) examined in detail the recovery of VOCs from soil samples of different types. These chemicals were added to soil and recovered by purge-and-trap techniques. The authors took a large number of precautions to avoid losses in the gaseous phase, including minimizing headspace volumes in samples prior to fortification and performing replicates in separate containers rather than subsampling from one fortified sample. Recoveries of CCl 4 and dichloroethane from water and soils exceeded 86%; recoveries of CH 3 Br from soil, fortified at 100 ppb, averaged only 66% (standard deviation, 20%); and recovery from one soil sample averaged only 44%. Volatile fumigants move between sites before being sorbed by sites of high bonding energy, such as the seeds of grapefruit. It is feasible that reactive chemicals, including CH 3 Br, EO, and C 2 N 2 , could be destroyed by specific reactions at active sites before settling at sites similar to those found in incurred residues. If so, the actual fortification level in the above example may well be the 44 ppb recovered, although it may also be the 100 ppb added to the system. If there is a reasonable possibility that either explanation may be true, residue determinations will have an uncertainty factor of approximately 2 (100/44), irrespective of the assumption used to estimate fortification levels.
Fortification studies with VOCs are commonly used in analysis of these chemicals, which include fumigants, in water (42) In general, recoveries should be performed at values close to those found in samples with incurred residues (66) . While this is generally true for all residues, there are 2 particular reasons why it is true for volatile materials. One reason is that a proportion of volatile chemicals will be in the gaseous phase, and many gaseous reactions on surfaces are zero order (67) , that is the amount of decomposition is independent of concentration. A consequence of zero-order kinetics is that the proportional amount of decomposition increases as the level declines. The second reason is that many fumigants can react with specific chemicals that may be present in different commodities in different amounts. For example, PH 3 combines with aldehydes (68) . In a number of studies on recovery of PH 3 from phosphide formulations, recovery was calculated from the ratio of the amount of PH 3 recovered from phosphide + commodity + reagent to that in the absence of commodity, all other things being equal. Recoveries were not uniform but, in many cases, declined as the level of fortification declined (Table 1) . This is the case for residue concentrations in soybeans and hazelnuts below 10 ppb (69), for PH 3 in squirrel stomach plus grass (70) , and for PH 3 in sugarcane (71) although not for PH 3 in vegetables and fruits (72) or hay (73) . Thus recoveries of PH 3 found in the literature are dependent on both level of fortification and on the commodity, and this problem is further addressed in Determination of PH 3 from Sorbed Fumigant and from Phosphides. These results confirm the wisdom of the requirement to conduct fortification studies at or near the levels of residues to be determined and to conduct a study for each commodity sample. It should be noted that residues concentrations of PH 3 in commodities where it is determined after acid hydrolysis are sometimes given as 1 ppb (62, 74, 75) . In these studies, no account is given on how, or whether, residues were corrected for recovery of fortified samples.
Variation of percent recovery with fortification level is not confined to PH 3 . For example, recovery of CH 3 Br from nuts, using a headspace procedure, declined as the fortification level declined in the tested range of 190-790 ppb (47) . The method was also evaluated for over 200 foodstuffs using fortification levels in the range of 78-3290 ppb (48) . Such fortification studies may not be relevant to residues in the range of 1-100 ppb, where 100 ppb is the Codex (18) guideline residue limit. On the other hand, in a collaborative study (76) , recoveries of EDB fortified at levels between 4.35 and 869 ppb were essentially quantitative and were independent of fortification level. Recoveries of fumigants vary considerably even where the one method is used (e.g., 40) , and the safest procedure is to conduct recovery studies close to the values found in incurred residues.
A number of minor or potential fumigants are both more reactive and more volatile than are traditional liquid fumigants, such as EDB or CCl 4 . For example, COS can be destroyed by acid and by oxidizing agents (77) , and the hydrolysis of ethyl formate is catalyzed by enzymes found in grain (unpublished data). The volatility of fumigants such as PH 3 , COS, and CH 3 Br increases the chance of their decomposition and/or sorption on glassware or metal surfaces relative to less volatile chemicals. Such site-specific reactions are one cause of zero-order reactions of gases on surfaces (67) . The use of metal containers, including grinders and homogenizers, can generate metal-catalyzed decomposition, especially if there is some rupture in the metal. Certainly in our laboratory some stainless steel canisters rapidly destroy PH 3 , whereas the fumigant is stable in other seemingly identical canisters. Thus, there are major problems in standardizing equipment.
The "ideal" method of analysis gives quantitative recoveries of fortified samples. Residues are usually recorded as uncorrected values, and recovery of fortified samples is given. Thus, if the uncorrected value is x ppb, and percent recovery is y%, the true value may lie between the uncorrected x ppb and the corrected 100 x/y ppb. Where y% is constant and close to 100%, it usually is of minor practical significance whether residues are corrected for recovery of fortified samples. However, where recovery is much less than 100%, and also is dose dependent, the choice of method of calculation may affect residue values by a factor of 2, or even more. Where percent recoveries decline with decreasing dose and where no recoveries are reported at or near the level found in incurred samples, residue values have little significance.
The phrase "correct for recoveries" has been retained because it is common usage, but a reviewer pointed out that "adjusting for recoveries" is a more accurate phrase, given that some methods of "correction" may incorporate new errors. What is required for estimating residues is the unadjusted data from incurred residues, recovery data, and the justification for the procedure used to adjust the data.
Fortification Studies and Standards in Headspace Methods
The word "standard" is used in this section to describe the standard against which unknowns are compared in the final quantitation procedure. For example, in GC determinations, peak areas or heights of unknowns are compared with the peak area in the (chromatography) standard. In some studies on solvent extraction of liquid fumigants, the (chromatography) standard is prepared as a solution, for example, in isooctane (40, 41, 76) . Fortification studies are performed starting with the addition of fumigant to the foodstuff, and, after workup, peak areas from fortified samples are compared with those of standards. Thus, fortification samples and standards are independent.
In headspace techniques, however, this procedure requires modification because headspace techniques rely on partitioning of fumigant between the gaseous phase and another component. Three basic techniques have been applied to quantification of results in studies involving partitioning, in the absence of solvents.
(a) Technique 1.-The amount of fumigant (in this example, CH 3 Br) retained in the nongaseous component (e.g., nuts ground in water) is ignored, and recoveries are estimated purely from the amount of CH 3 Br in the gaseous phase (e.g., 47).
(b) Technique 2.-The partition coefficient is determined, and the amount in the headspace corrected for the partition coefficient (e.g., 78). Thus if x% of fumigant partitions into the gaseous phase, and the amount of incurred fumigant in the gaseous phase is y mg, the mass of fumigant residue is 100 y/x mg.
(c) Technique 3.-It is explicitly stated that fortified samples are used as standards (e.g., 56, 79) . That is, if a foodstuff is fortified with x ppb, and the peak height in the headspace is Px, the residue is an incurred sample, with peak height Py, is taken to be [x (Py/Px)] ppb.
These 3 approaches will result in the same answer, from the same data, if the results using technique 1 are corrected for recoveries of fortified samples. However, there are logical difficulties with each approach. If one assumes that the mass of fumigant in the headspace is the mass in the commodity, residues will always be underestimated (by the amount retained in the nonvapor component). If, however, fortified samples are used as standards, there is no longer an independent test on recovery of fortified samples. Similarly, in headspace procedures where the fumigant is measured only in the vapor phase (i.e., the remainder is presumed to be present unchanged in the solid or liquid component of the system), there is no independent test on recovery of fortified samples. In such cases, and also in cases where fortified samples are used as standards, it is assumed, implicitly or explicitly, that recovery of fortified samples is 100%. This is a brave and, as we will argue in Does Equilibrium Partitioning Apply to Fumigant Residues and, If So, What Type of Partitioning?, an unnecessary assumption.
Fortification Studies and Stability of Fumigant Residues
Stability of residues in the interval between sampling and analytical determination is a problem in analysis of all residues, and it is related to the problem of preparing standards for collaborative analytical programs. The problem is especially severe for volatile fumigants. Vapor loss is proportional to several factors, including the ratio of surface area to volume. In soil or in bulk commodities, this ratio is often smaller than that in small samples so that VOCs may be transferred in the vapor phase in bulk commodities but transferred out of a small sample into the atmosphere. Loss of a VOC from a small sample does not entail a similar loss from a bulk sample. It is possible that reported residues underestimate those in bulk commodities or soil because of loss during sampling and transport.
The above discussion also applies to PH 3 , which is not strictly a VOC.
In an early collaborative program (55), variation of residues in subsamples was reduced by 2 procedures, namely by taking residues from grain some days after fumigation and by sending samples to different analysts on the same day. The first procedure is based on the assumption that the daily loss of fumigant, as a proportion of the amount present, declines as the deposit ages. In other words, loss of fumigant is not first order. This conclusion is in agreement with values given in the literature for EDB (29) , PH 3 (69) , and carbon disulfide (CS 2 ; 24), although Heuser and Scudamore (80, 81) show first order decay for CH 3 Br, in contrast to more limited data from Ren (24) .
There are comparatively little data on storage stability of fumigants at low temperatures. However, loss of PH 3 is significant at -18°C in sealed containers (69) and loss of CH 3 Br is significant at 5°C, again from sealed containers (54) . Data on losses of CH 3 Br after 7-14 days was up to 85% at -13°C and was observed at -50°C (82).
Solvent Extraction Methods: An Evolution
An analysis of methods specific to volatile chemicals that rely on transfer of a chemical to the vapor phase:
The current official procedure (83) for fumigant determination based on solvent extraction has a long history, which is similar to, and partly derived from, the development of solvent extraction for nonvolatile compounds. It was shown that polar solvents, such as aqueous acetone, extracted more fumigant than did nonpolar solvents, such as CHCl 3 (84) . Aqueous acetone also extracts more EDB than does hexane (50) . Aqueous acetone extracted a large number of liquid fumigants from several foodstuffs, and the procedure was multiresidue in that only one solvent was required, although 3 different GC detectors were needed to determine all tested fumigants (80) . The requirement for a polar solvent applies even to very lipophilic fumigants, such as CCl 4 . A modification to the use of aqueous acetone was the use of aqueous acidified acetone (30, 40, 41, 54) to overcome problems of excessive recovery of fortified samples. Procedures to determine the amount of acid and the extraction period, for example, have been developed for a range of foodstuffs, and procedures are modified according to the fat content of the foodstuff, which include processed food. Time to complete extraction of incurred residues in grains is considerable, for example, 48 h (40, 50, 80, 84) or even longer (50) . These discoveries in fumigant analysis have exact parallels in the analysis of nonvolatile "protectants," such as malathion, in grains, which also require polar solvents and long extraction periods. This topic has been reviewed (85) .
Early work on solvent extraction concentrated on liquid fumigants, such as CCl 4 and EDB, and techniques of extraction and cleanup were developed to give good recoveries of these fumigants (30, 40) . For example, after extraction in aqueous acetone, a cleanup procedure involved addition to a salt solution and partitioning into isooctane at low temperatures (approximately 0°C) to minimize vapor loss. Such techniques, however, are not appropriate for more volatile fumigants, such as PH 3 , CH 3 Br, and COS (52) . This is because partitioning from solvents into the gas phase is considerable for such fumigants. Page and Avon (64) , in discussing a headspace technique for determination of CH 3 Br, stated that "sample enrichment is impossible unless the sample is maintained in a closed system." This requirement for a closed system applies for all operations where amount of fumigant in the vapor phase, or loss from the vapor phase, has a significant effect on the accuracy of results. Solvent extraction is compatible with analysis of (some) fumigants in the vapor phase if fumigants are determined in the headspace over solvents in a closed system. For example, EO was determined in the headspace over acetonitrile (49) and PH 3 in that over aqueous acetone (52) . A number of procedures determine CH 3 Br in the headspace over a salt solution. These are discussed as headspace methods in Fumigants, although it would also have been possible to discuss them under the heading of Solvent Extraction Methods: An Evolution. Whether such methods are classified as "solvent" or as "headspace" methods is probably not important. What is more important is that an advantage of solvent extraction, particularly as a multiresidue technique, is that it can be combined with an advantage of headspace analysis, namely, determination of fumigants in the vapor phase.
Solvent extraction has several advantages over headspace methods and also several disadvantages. One advantage is that it is a multiresidue method. That is, the extraction procedure can be used for a range of volatile and nonvolatile chemicals. A second advantage is its long history of use. One disadvantage is the long time required to extract residues. This time could be reduced by grinding or blending foodstuffs together with solvents, but all such operations need to be conducted in closed systems, at least where volatile fumigants are to be determined. The safety of such procedures needs to be considered. The second disadvantage of solvent methods is, of course, the solvent, and the associated problems of contamination, worker safety, and disposal.
The 4 fumigants currently permitted for postharvest application to foodstuffs (PH 3 , CH 3 Br, EO, and EtF) present some problems in solvent extraction by a multiresidue method. CH 3 Br can be determined after extraction into aqueous acetone (29, 83) , and it and PH 3 can be determined in the headspace over aqueous acetone (52) , but a closed system is required. We have been unable to determine EtF after extraction with acetone because of problems of interference under all tested GC conditions. Interference between EO and acetone could also be expected. One also cannot partition EtF into isooctane from a salt solution because ethyl formate is soluble in water. A similar comment applies to other water-soluble fumigants, such as C 2 N 2 . EtF can be determined after solvent extraction into methanol or propanol (86) or after extraction into water (22, 25) , and EO is determined after extraction into acetonitrile (49) . It would be desirable if each of these fumigants became part of a multiresidue method of determination because these are the fumigants currently registered for use in postharvest application to foodstuffs.
Fumigants
Classification of Techniques Based on Release of Fumigants in the Vapor Phase
Many procedures specific to volatile chemicals rely on transfer of fumigants from the foodstuff to the vapor phase. A large range of conditions to achieve such transfer have been studied and include the following.
(a) Method 1.-Desorption of CH 3 Br from apples (43) and of PH 3 from grains (87) .
(b) Method 2.-Codistillation of liquid fumigants such as CCl 4 and EDB with benzene (38) , toluene (27) , and hexane (39, 88) .
(c) Method 3.-Purging many liquid fumigants from a dilute acid (34) or from water (37); distillation of PH 3 from 10% H 2 SO 4 , after hydrolysis of phosphides to PH 3 (51, 62) ; and purging soil samples in water (42) .
(d) Method 4.-Steam distillation of HCN (33) and nematocides (28) .
(e) Method 5.-Release of residues in wheat by grinding (32) or by grinding and heating at 95°C for 3 h (44).
(f) Method 6.-Release into the headspace of CH 3 Br residues in fruits (31), grains (63), nuts (47) , and other foodstuffs (48), after grinding or homogenizing in a salt solution, and release of methyl isothiocyanate and dichloropropene by heating soils in a salt solution (79) .
(g) Method 7.-Release of VOCs from water (42) and release of methyl isothiocyanate from wine by heating (89) .
(h) Method 8.-Release into the headspace of EO (49), PH 3 (52) , and EtF (86) after solvent extraction with acetonitrile, aqueous acetone, and aqueous propanol, respectively.
The above techniques can be classified in a number of ways, such as "headspace" methods, "purge-and-trap" methods, etc. In our view, there are 2 basic classifications. These are between methods that rely on an equilibrium partitioning of fumigants between the vapor phase and the other component(s) and those that rely on complete removal of the fumigant. Methods 1-4 are designed to recover all the fumigant in one of many types of trap, whereas methods 5-8 are designed to recover a fixed proportion of total fumigant in the vapor phase and to estimate total residues from an equilibrium partitioning.
The range of techniques that have been used is of interest. We aim, in this review, to draw some general conclusions from selected studies on some of these techniques.
Techniques Aimed at Complete Recovery of Fumigants
The simplest procedure to determine residues of fumigants is to trap the amount desorbed. For example, Dumas (87) placed fumigated apples in a desiccator and determined CH 3 Br residues, as bromide ion, from the amount of fumigant desorbed from the apples and trapped in a beaker containing alkali. PH 3 residues were tested by a similar procedure, which, however, recovered only a small proportion of PH 3 on the basis of a comparison of results from different procedures (89) (90) (91) . In these studies, PH 3 was still being desorbed after long periods of weeks and even months. These examples with the gaseous PH 3 illustrate the general point that, whereas fumigants in the vapor phase are volatile, sorbed fumigant residues are not.
Codistillation techniques were discussed in Problems Common to All Chemicals and Problems Specific to VOCs, where they exemplified the dangers on reliance of recoveries from fortified samples. They also provide a further illustration that fumigant residues are not volatile.
Purge-and-trap techniques, in which fumigants were purged from hot water, were suitable for a very large range of fumigants, and they offer the considerable advantages of cleanup from a variety of matrixes and concentration of chemical to be analyzed (34) (35) (36) (37) . Trapping in solid traps also enables the use of programmed thermal desorption. Purge-and-trap techniques are multiresidue methods, although with some exceptions. Some decomposition can occur with heating (e.g., some CCl 4 is transformed into CHCl 3 ; 34), thus resulting in a false-positive value for CHCl 3 . Perhaps more importantly, it is difficult to purge volatile fumigants from heated water and trap them efficiently when codistillates include water and CO 2 , presumably in vast molar excess to the fumigants. This problem has been discussed for, inter alia, COS (92) . Generally, purge-and-trap techniques give poor recovery of CH 3 Br and give, as expected, poor recoveries for PH 3 and COS, which are gases with subzero boiling points (52).
Askari et al. (93) compared purging of soil at 40°C with methanol extraction and with hot methanol extraction for recovery of incurred residues of CH 2 Cl 2 , CHCl 3 , and dichloroand trichloro-ethylene. They found much higher recoveries with methanol extraction and, particularly with hot methanol extraction than with the recommended purge-and-trap method, and concluded "we found that the purge-and-trap consistently underestimated the concentration of VOCs in aged soils by factors ranging from 2 to~100." This article also reviews the literature on purge-and-trap methods for determination of fumigants in soil and offers an explanation for low recoveries in terms of 2 types of adsorption on soils, one a weak absorption where fumigants are easily removed by purge-and-trap methods and one a strong absorption where fumigants are not removed by purging.
Although decomposition due to heating may be a problem, there are some examples where chemical reactions are deliberately used to determine a nonvolatile compound from a volatile derivative. For example, Turtle (33) optimized yields of the volatile hydrogen cyanide (HCN) from cyanohydrins. In this procedure, grain is heated with water at moderate pH (tartaric acid), and the released HCN is steam distilled and trapped in alkali. The pH was optimized both to reduce the amount of the nonvolatile cyanide ion and to minimize oxidation, at low pH, to amide derivatives of cyanohydrins. In a similar manner, foodstuffs fumigated with EO have been heated with alkali to convert chlorohydrins, formed from hydrolysis of the fumigant, into EO, which is removed in the vapor phase by purging (94) . In these examples, the residue is defined as the amount of a product obtained by transformation of the actual residue(s). There are toxicological reasons for determining, for example, ethylene chlorohydrin as ethylene ox- (51, 62, 70, 72, 73) are methods originally developed to determine the amount of PH 3 released by acid hydrolysis of metal phosphides, although later they were applied to sorbed phosphine (51) .
In early work, PH 3 was determined colorimetrically, and large quantities of grain, up to 1 kg, were required to obtain a single determination. PH 3 was distilled and trapped in an oxidizing medium for subsequent determination as phosphate (62) . In more recent work, PH 3 is also distilled from 10% H 2 SO 4 by, first, boiling the solution in a sealed flask and, second, by releasing the headspace gas into an evacuated flask, for determination by GC (2, 51, 98) . An alternative procedure is to hydrolyze phosphide with acid, and to trap the released PH 3 in toluene in a 2-phase system of water and toluene (70) (71) (72) (73) .
In our opinion, there are 2 concerns with methods of analysis of the important fumigant PH 3 . These are literature studies that show that the percent recovery declines as the amount of fumigant declines. This raises the problem previously discussed of whether studies can be corrected for recovery of fortified samples. Nowicki (51) has observed that procedures validated for phosphide are not necessarily validated for sorbed PH 3 . Nowicki (51) noted that PH 3 applied as a gas was recovered by distillation from acid but noted the difficulty of obtaining realistic fortified samples. We, therefore, conducted studies aimed at addressing these issues, and the procedures are outlined in Ren and Desmarchelier (submitted for publication).
Does Equilibrium Partitioning Apply to Fumigant Residues and, If So, What Type of Partitioning?
As discussed in Can the Studies Be Corrected for Recovery of Fortified Samples?, several procedures are used in headspace methods to calculate initial mass of fumigant from the amount determined in the vapor phase. There is disparity in the literature and, possibly, some confusion, which may be related to different meanings of the word "phase." Consider the case of measurement of fumigant in the headspace over ground wheat (e.g., 32) or water (e.g., 42). Usually, it is appropriate to talk in each case of partitioning of fumigant between the solid or liquid phase and the vapor phase. However, ground wheat is not a defined phase in the thermodynamic definition of the word, because the activity of each component of ground wheat cannot be defined. In contrast, water is a phase. (In residue determinations where the mole fraction of contaminants is low, the activity of water is close to 0, in contrast to situations studied in physical chemistry where the mole fraction of water is varied indefinitely.)
There are several problems associated with equilibrium partitioning. First, does it exist? For example, is the distribution of fumigant between air and a solid completely independent of age of deposit? As an example, is the distribution of EDB between air and freshly fortified grapefruit the same as that after the fumigant has migrated into the seed? The second problem is to define the type of partitioning ratio, should equilibrium partitioning occur. There are very many forms of partitioning of VOCs between solids and air and many forms of "sorption isotherms" (67) . The third question relates to the time required to obtain an equilibrium (on the assumption that there is an equilibrium and the form of the isotherm is known).
Partitioning between 2 phases (e.g., air and liquid) is governed by the phase rule, which relates the number of degrees of freedom (e.g., of concentrations in each phase) to the number of components. The equilibrium distribution of chemicals between air and solvent is usually described by Raoult's law or Henry's law. In the case where molar concentrations of fumigant are low relative to the solute, as with residue analysis, Raoult's law and Henry's law reduce to equations 1a and 1b, respectively. In these equations, a subscript a refers to air; subscript l refers to a second "phase," liquid or solid; M is molarity of the fumigant; m is its mass, V is volume; and K is a constant.
Where there are 2 homogeneous phases, it is possible to measure each constant in equations 1a or 1b. That is, one can directly verify the relationships shown in equations 1a and 1b and also determine whether any of the chemical has been lost from the system, either through breakdown or vapor loss. This direct approach, however, is rarely used in residue analysis, where it is more common to define m l as (mass added less m a ) (e.g., 32, 51, 78, 99) . One measures m a , rather than m l , because an advantage of headspace techniques is the ease with which fumigants can be determined in the gaseous phase. The definition of m l as (mass added less m a ) entails that no fumigant is lost during the process of measurement. This comment applies whether the definition is explicit or implied.
Where partitioning is measured between a heterogeneous solid, such as flour or soil, and air, equation 1a does not apply because the molarity of a fumigant in a solid cannot be determined, if, indeed, it has any meaning. Equations of the form of equation 1b can be used to describe partitioning, but such partitioning is described in physical chemistry by various isotherms, such as the Langmuir isotherm (67) . In fumigant chemistry, the Freundlich isotherm has also been used (61) . There are many forms of the Freundlich isotherm, and that shown in equation 2 is from a modern textbook (67) . In this equation, V is the volume of sorbed gas, and this is linearly related to the mass of sorbed fumigant. The term p is the partial pressure of the gas, and this is proportional to the mass of fumigant in the vapor phase. The terms c 1 and c 2 are empirical constants, and V mon is the volume of gas sorbed at monolayer coverage. Important aspects of equation 2 are that V is not proportional to p (unless c 2 = 1) and that plots of log V versus log p do not pass through the origin.
If sorption isotherms are best described by isotherms other than the Freundlich isotherms, similar conclusions may apply with respect to nonlinearity between sorbed and vapor concentrations of fumigant. As far as we are aware, the possibility that headspace desorption of fumigant follows the Freundlich or other isotherm has not been considered in residue determination of fumigants. Such a study would require evaluation of a range of fortification levels.
A form of partitioning currently widely used in analysis of CH 3 Br (31, 49, 52, 78) measures the distribution of fumigant between air and a phase comprising commodity plus solvent.
That is, the fumigant is extracted from foodstuff by a solvent and partitioned between solvent and air. This situation would approach that of the phase rule if, and only if, "all" the fumigant had been extracted from the commodity into the solvent with sufficient time to enable phase equilibrium to eventuate. Thus, it is necessary to show both complete extraction of incurred residues and that the distribution of fumigant between 2 phases attains a stable distribution.
This was shown to be the case for extraction in aqueous acetone (52), where there was extensive literature data on time to extraction of many fumigants by the solvent (e.g., 30, 40, 41) . That is, it was relatively simple to demonstrate equilibrium partitioning and complete extraction, given that time to complete extraction was known from published studies. Where time to complete extraction is not known, the procedures required to demonstrate an equilibrium partitioning are more complex. For example, CH 3 Br is extracted in water from ground or homogenized foodstuffs and partitioned into air (e.g., 31, 47, 64, 78) . A similar procedure has been used to determine PH 3 in hay (100, 101) . In these studies, fumigant is added to the vapor phase, and the time at which the vapor phase concentration becomes constant is selected as the time at which residues are determined from the headspace concentration. In other words, the time at which the fumigant is taken up by water from air is assumed to be the time at which the fumigant is extracted from commodity and desorbed into the vapor phase.
The problem that headspace methods require both complete extraction and a stable partitioning is recognized in the literature. For example, Page and Avon (64) state that "blending would minimize most problems associated with determining suitable equilibration times for different foods as the leaching/equilibration time would be expected to be similar for a comminuted sample, even if the sample were aged." An equilibrium partitioning is, in our opinion, required for the validity of headspace methods, and the above statement from Page and Avon (64) is a clear statement of this requirement. Nonetheless, this assumption of similar leaching or equilibration times is not immediately obvious to us. It also seems unlikely to be true in the light of the extensive time required to extract fumigants from solid commodities (41, 84) and even from ground commodities. Clower et al. (50) state that 16 h extraction of ground cereals, with aqueous acetone is acceptable, whereas at least 2 days is required for unground cereals and, in our laboratory, residues in flour and other milled products are determined after overnight extraction in aqueous acetone (52) .
There would seem to be 2 methodologies that could be used to validate the assumptions of equilibrium partitioning and, in particular, the assumption that the release of fumigants from commodity is described by a partition ratio that is determined from the amount of fumigant, added in the gas phase, to that sorbed by the commodity plus salt solution. One methodology would be to determine residues on this assumption and then to determine them in another way. Obtaining similar results from different procedures would provide strong evidence that each procedure was valid. The assumption of a constant partitioning between the vapor and sorbed phases can also be tested in a direct manner. That is, one can measure the amount sorbed at various intervals after start of fumigation and determine directly whether the proportion of sorbed fumigant remains constant.
In a study for a thesis, Ren (24) used each methodology to evaluate a headspace procedure for each of 4 fumigants (PH 3 , COS, CS 2 , and CH 3 Br). The tested headspace procedure was that of Brockwell (32) in which PH 3 is determined from the amount released into the headspace after grinding wheat. This amount was measured for wheat of different "ages," for example, after different times of airing. The amount retained in the ground wheat was subsequently determined by solvent extraction. The sum of these residues was compared with those ob- tained by a different analytical procedure (24) . For both PH 3 ( Figure 2 ) and CH 3 Br (Figure 3 ), the ratio of released fumigant to that retained by ground wheat declined with duration of airing. Similar results were obtained for COS and CS 2 (24) . Thus, the assumption of a constant partition ratio was shown to be incorrect for each of 4 studied volatile fumigants. In other words, the partitioning of fumigant between air and ground wheat determined by adding fumigant to grain before grinding was different from that obtained by grinding wheat with incurred residues. Furthermore, the ratio of fumigants released by grinding to the total mass varied with age of deposit. This result is similar to the ratio of the amount of EDB recovered in each codistillation with hexane to the total amount recovered (39), which was also not a constant ratio. The methodologies used by Ren (24) and outlined in the previous paragraph are directly applicable to the procedure of Brockwell (32) for determining PH 3 residues in wheat. However, the methodologies are generic and can be used to determine whether the partition ratios measured by applying fumigants to air above foodstuffs are the same as those found after grinding foodstuffs containing incurred residues.
A number of attempts have been made to validate headspace techniques, without assuming an equilibrium partitioning. The effect of temperature and nitrogen on the recovery of COS and CS 2 was investigated by Simo and Grimalt (46) in a study on determination of natural levels of these chemicals, which also happen to be fumigants. The highest value for COS was found after heating for 1 h at 90°C under N 2 , whereas the highest value of CS 2 was found after heating for 15 h in air. Simo and Grimalt (46) attribute the higher readings of CS 2 to its formation during heating of soil from, for example, decomposition of proteins. Ren and Desmarchelier (45) irradiated wheat with microwaves and determined residues from the maximum amount released after consecutive irradiations. In each study, energy was applied in stages, and the mass of fumigant was essentially defined as the maximum amount obtained by the procedure. Gan et al. (79) heated soil with salt solutions and varied the matrixes of salt solution and temperature to obtain maximum amounts of methyl isothiocyanate and dichloropropene in the headspace. Results obtained by this procedure were compared with those obtained by solvent extraction. The authors stated that the headspace method gave higher values for residues (although this is not obvious to us from the presented data, which seem to us to show similar values). The authors also stated that the headspace procedure had lower signal-to-noise ratios for low residues. Such findings are "expected," and, as indicated previously, analysis of fumigants in the vapor phase eliminates many of the problems caused by solvent interference.
In work resulting from this review (Ren and Desmarchelier, submitted for publication), we used the above methodologies to test the validity of recent headspace techniques for determination of CH 3 Br. We chose to test methods for this fumigant because it is still widely used in fumigation of foodstuffs, especially for quarantine uses.
Reducing Errors in, and Obtaining Complete Extraction by, Headspace Techniques
With headspace methods that rely on a defined partition coefficient, sources of errors include random errors and errors associated with incorrect values for the coefficient K. Errors from the later source can be substantially reduced by use of generic techniques. This conclusion can be drawn from equation 3, which is derived from rearranging equation 1. It can be seen that the mass of fumigant in the headspace tends toward the total mass as the headspace volume tends toward the total volume (i.e., as the ratio V l /V a , or more precisely, the ratio V l /V a K tends to zero). The mass and, hence, volume of liquid and particularly of solids must be sufficiently great to reduce variation due to sampling (e.g., 64), but the volume of headspace can be increased by the simple procedure of using large flasks (e.g., 1-5 L). One advantage of headspace techniques (e.g., 79) is that they enable detection of fumigants in air at low levels because of the lack of interference. Thus, there is usually not a need to use flasks of small volumes to obtain a sufficient quantity of fumigant for residue determination.
The effect of using large headspace volumes, relative to volumes of liquids or solids, is illustrated in Table 2 , which records residue values obtained from substituting particular numerical values of K and of V l /V a into equation 3. In this illustration, it is assumed that there is a true value for m a , which is measured correctly, and a true value for K. It is further assumed that m a is measured and that the residue is calculated from this value and the partition coefficient K. The effect of assuming false values of K is calculated for each of 2 different values of the ratio V l /V a and for each of 3 different values for K. Where the true value of K is used, the true answer is necessarily obtained, irrespective of the ratio V l /V a . Where this ratio is 0.01, results are close to true, even when values of K are false by a factor of 5 ( Table 2) . Where the ratio V l /V a is unity, false estimates of K result in large errors in estimates of residues.
It is worth noting that equation 3 also applies to release of fumigants from solids (provided that the subscript l is redefined to mean solid) under certain circumstances. For example, the Langmuir isotherm tends toward equation 3 where the amount of sorbed fumigants is much less than the monolayer sorption capacity (67) .
Two points should be noted. First, a distinction was made in Classification of Techniques Based on Release of Fumigants in the Vapor Phase between techniques that assume complete removal of the fumigant, such as distillation, and those that assume an equilibrium partitioning, such as headspace techniques. However, headspace techniques can also give, in practice, complete recovery of fumigant in the vapor phase, provided V l /V a K is very much less than unity (equation 3). Under this condition, [m a /(m a + m l )] tends to (m a /m a ), that is, to unity. That is, all the mass of fumigant is in the headspace. Such considerations, as well as comparison with other methods, were the basis of the assumption of complete removal of fumigant into the headspace by microwave irradiation of wheat (24, 45) . However, the argument based on equation 3 is a generic one, which is applicable to all headspace procedures.
The second point is that this argument is useful in reducing errors based on a false estimate of K, where there is a "true" equilibrium value of this partition coefficient leading to a true value of m a . There are, however, 2 other possibilities. One possibility is that K varies with age of deposit, and an alternative possibility is that only a given proportion of fumigant is released by the procedure and that this proportion is not affected by the molar concentration in the vapor phase and, hence, not by its volume. In the latter case, residues will always be underestimated if it is assumed that a given partition ratio applies. Where, however, K varies with age of deposit, the situation is mathematically identical to that shown in Table 2 . Therefore, it is desirable to increase the volume of the headspace relative to that of the other component. This would also seem to us to be desirable on a priori grounds, because it increases the proportion of the mass of fumigant in the phase where it is determined to its total mass. There is, however, an upper limit to V a , which is the result of not only use of glassware of large volumes but may also be the limit of detection of the fumigant in the gas phase.
Thermodynamics of Residue Analysis in Heterogeneous Substrates
An outline of the basic thermodynamics of chemicals in heterogeneous substrates and why this is relevant to analytical chemistry:
We believe that some mistakes in analytical chemistry could be avoided if more attention was given to the thermodynamic concept of function of state (67) . A function of state is specified by certain conditions and is independent of the pathway used to achieve those conditions. For example, 20°C is the same whether it was achieved by cooling or heating, and molarity is completely specified by mass of chemical per unit volume. This definition of molarity applies, at least, to "infinitely dilute solutions" and to ideal gases, and most of the analytical chemistry of solutions or gases is based on the very close approximation that the solution or gas studied is thermodynamically ideal. However, some properties of fumigant residues depend on the pathway used to attain such values, for example, on the age of the deposit. Examples include speed of extraction by solvents, extent of recovery by a single codistillation, and ratio of fumigant released from wheat by grinding to that retained in the flour. Each of these changed properties can be described by the phrase "fumigant residues are not functions of state." If a single behavior or property of a chemical shows some dependence on "history" (i.e., on the pathway used to attain a given amount of residue), the concentration is not a function of state. There is, therefore, no valid grounds for assuming any relationship derived from the assumption of function of state (including molarity, the phase rule, equilibrium partition coefficients, etc).
In infinitely dilute solutions or ideal gases, all properties (e.g., the extent of reaction with another chemical) are specified from the ratio of mass of chemical to volume of medium. Thus, it is possible to determine behavior from fortified samples and logical to assume that such behavior will remain constant. There is a wealth of theory and experience to justify our assumptions of ideal behavior in homogeneous media although, of course, interfering substances can lead us to wrong conclusions. In heterogeneous media, however, behavior is time dependent so that in analysis of incurred residues we face the logical problem of not knowing how much chemical is present and also how it behaves. This problem is different in kind, and not merely in degree, to the problem of determining unknowns in homogeneous media. The citation from Gunther (53) previously given draws the distinction between the validity of fortification studies in homogeneous media ("olive oil") and heterogeneous media, and Gunther's distinction was based, presumably, on practical experience. One can draw the same distinction from fundamental principles of thermodynamics which underpin such fundamental concepts as molarity and vapor activity.
As discussed in Summary of Techniques Used for Fumigant Isolation and Concentration, the first step in residue determination is to transfer the residue to a homogeneous phase, which, for VOCs, may be liquid or vapor. Once in such a phase, the chemical concentration becomes a function of state, and one can use concepts such as molarity. For example, properties of PH 3 or CH 3 Br in a solution, such as stability or partitioning into air, are the same whether the fumigant is added to the solution in a fortification study or extracted from a foodstuff. Thus, fortification studies are relevant to an understanding of the chemical once it is in a homogeneous phase and, hence, are relevant to essential parts of analytical methodology such as interference, stability, linearity of GC peak areas with respect to concentration, etc. But they have little, if any, relevance to the means by which chemicals are transferred to a homogeneous medium.
This review has drawn on the work of many analytical chemists who have shown a particular property, for example, extent of extraction of a residue by a solvent, is dependent of the pathway used to attain the residue. We believe that the concept of function of state is consistent with, but goes further than, particular examples. This is because it denies, a priori, any validity to any method that assumes fumigant residues are functions of state. That is, it is the responsibility of the developer of a method to demonstrate that a particular assumption, such as equilibrium partitioning, is valid for incurred residues; it is not necessary to prove that such assumptions are wrong.
Toward a Unification of Protocols for Fumigant Analysis
An attempt to unify various literature protocols for validation of residue methodologies, in view of a more general logical framework for evaluation of residue methodology:
In the previous section it was argued that, in residue analysis, we cannot know, independently of our analysis, how much chemical is present or how it behaves. How, then, can we know that our answer is true?
A number of authors have proposed various protocols to ensure that the answers from our techniques are "true." All protocols assess recoveries from incurred residues, in addition to determining recoveries of fortified samples. Some of these protocols are as follows:
(1) "Identical" results from at least 3 methods of extraction (102) . (2) Comparative results from different solvents, followed by soxhlet extraction to test completeness of extraction (103) . (4) Extract with different solvents, decant, and then extract with methanol to determine completeness of extraction (105) .
(5) Multiple extractions to determine the amount recovered in each extraction (106) .
(6) Multiple codistillations to determine the amount in each distillation (44, 50, 60) . (7) Comparison of different solvents and time in whole and ground grain and soxhlet extraction (107, 108) . (8) Comparison of codistillation and solvent extraction for liquid fumigants (50, 54) . (9) Comparison of solvent extraction and headspace method for methyl isothiocyanate in soil (79) . (10) Comparison of solvent extraction, microwave release, and headspace methods for PH 3 (56) and other fumigants (24) .
Several of these protocols involve the use of labeled chemicals to facilitate an estimation of the total amount of label able to be recovered as intact chemical and/or able to be shown to be a transformation product. There is very little work on use of labeled fumigants for the purposes of validation of analytical methodology, and this must be classified as a weakness in the analytical chemistry of fumigants.
While these protocols are useful, we believe it is possible to outline a more general framework that can help to define the best tests of a methodology for incurred residues in heterogeneous substrates. We start with suggesting that the following statement, statement 1, is a summary of methods of analysis: "method x accurately determines chemical y in situation z."
This statement is a universal statement; that is, it applies to all specified situations. But it can be shown to be wrong by an experiment, unlike other universal statements that are proven by deduction (such as many mathematical theorems, tautologies, etc.). Although there are many explanations in the philosophy of science on how to justify scientific general statements, such as statement 1, we suggest the following points as useful, but incomplete, guidelines:
(1) The number of independent tests of statement 1 are limited, with little statistical validity to verify a universal law.
(2) Statement 1 can, in principle, be falsified by showing that it gives the wrong answer.
(3) Statement 1 can be tested by using intelligent tests to disprove it; if these fail, its validity is enhanced.
For example, if one postulates that a given solvent is efficient in extracting residues, a test of this hypothesis is to compare its efficiency with those of other solvents. The postulate that solvent A extracts all residues is disproved if solvents B and C extract more residues; if each solvent extracts similar quantities, the postulate about solvent A has passed a test able to disprove it. Thus, the validity of statement 1 is established by failures of tests to disprove it.
The following question may help to set a general framework for evaluating methodologies: "Which are the best experiments that could be performed that would put it to the hardest test (that is, be most likely to lead to falsification, if the theory is in error)?"
This question seeks tests capable of disproving the methodology. We define such tests as "intelligent procedures," where intelligent implies the ability to show that a methodology is false. This is a different approach than applying protocols, because an intelligent procedure will vary with the method of analysis and also with the expertise of the scientist. For example, intelligent procedures on a method based on solvent extraction for a specified time will vary the solvent, vary the time of extraction, and study the effect of grinding or homogenizing (and all these tests are performed). But, if one applies intelligence to test the effect of solvent, it is better to compare extraction efficiencies of a polar and a nonpolar solvent rather than the efficiencies of similar solvents, such as pentane, hexane, and heptane. This conclusion, however, is based on prior knowledge of the difference in extraction efficiency and also in level of interferences associated with solvent polarity.
Such a generalized procedure, we believe, justifies analytical methodologies by a similar logical framework used in validation of other scientific statements.
Should Natural Levels be Considered Residues, and Are Fumigant Precursors Fumigants?
A discussion on the meaning of residue in the context of fumigants that occur naturally in foodstuffs in variable amounts or that are produced during procedures used for residue determination:
Fumigants are, in general, less complex chemicals than most pesticides, and this lack of complexity results in 2 major problems in analytical chemistry. One problem is that several fumigants occur naturally in foodstuffs and soils. Occurrence of natural levels of fumigants generates problems in identification of residues, which implies the presence of compounds resulting from human activity. The second problem caused by the lack of complexity of most fumigants is that processes used to determine residues could result in formation of fumigants through the decomposition of more complex materials. Methods of analysis include steam distillation and heating with 10% H 2 SO 4 , and such processes could be expected to result in formation of some VOCs, which are also fumigants. For example, it has been suggested (16) that heating soil results in the formation of COS and CS 2 . Simple molecules such as COS are certainly more likely to be produced by procedures used in analytical chemistry than are more complex molecules, such as cypermethrin or fenitrothion. Thus, there are 2 problems resulting from the lack of complexity of fumigants, namely, the occurrence of natural levels of some fumigants and the possibility of production of "fumigants" by processes used in analytical chemistry.
Problem of Natural Levels Associated with Certain Fumigants
The natural range of levels of chemicals in plant materials, including foodstuffs, can vary considerably, and this natural variation generates problems in determining what is a residue and what is a natural level. For example, levels of cyanogenic glycosides determined as HCN in cassava roots ranged from 40 to 1060 ppm (109) , levels of total glucosinolates in Brassica spp. ranged from trace levels to 84 mmol/g (110) , and levels of EtF in beer ranged from trace levels to 0.9 mg/L (111). Thus, the range of natural levels may cover 1-2 orders of magnitude. Given such natural variations, it would be inappropriate to classify unambiguously a level of, for example, 0.5 mg/L EtF in beer as either a residue or as a natural level.
The problem of determining residues of chemicals that occur naturally is not confined to EtF in beer. To illustrate the magnitude of the problem, the variation in natural levels of 3 fumigants in foodstuffs was examined in our laboratory. The fumigants were EtF, COS, and CS 2 , and the selected foodstuffs were barley, wheat, oats, chickpeas, faba beans, and canola. These foodstuffs were harvested by hand and divided into 8 replicates. Four samples were analyzed immediately, 2 for EtF after extraction by aqueous propanol (86) and 2 for COS and CS 2 after fumigant release by microwave irradiation (45) . Four replicates were kept in sealed containers in the laboratory. The sulfur fumigants were measured after holding for 4 weeks and EtF after holding for 10 weeks. For EtF, natural levels were much higher at time of harvesting than after storage (Figure 4) . The reverse was true for COS; i.e., natural levels increased with storage duration in sealed containers (Figure 5) . At time of harvest, natural levels of CS 2 were below the limit of detection, but levels increased during storage (Figure 6 ). Natural levels of EtF and COS exceeded 1 ppm, whereas natural levels of CS 2 were much less than this value.
The natural levels of CS 2 in cereals, and also those in broccoli, cabbage, onions, and leeks (112) , are useful for the purpose of illustrating a general point. Surveys of fumigants in foodstuffs (e.g., 3) report all levels of CS 2 as residues. A science dictionary (113) defines a residue as a substance "present in a food product as a result of carryover or migration." A general dictionary defines it as "the atom or group of atoms remaining after part of molecules has been removed" (114) . Residues are defined specifically for individual chemicals and may include some alteration products (e.g., a residue of fenitrothion may include fenitrooxon but not 4-nitro-3-methyl phenol). Thus, the term residue has a variety of meanings. Strictly speaking, chemists measure levels of chemicals, and the further designation of these levels as residues implies that these levels are the result of human activity. It is suggested that the amount or level of a chemical determines its toxicity, and the amount of residue indicates the amount resulting from human activity. The classification of levels as residues is reasonable in situations where natural levels are insignificant with respect to those arising from human activity, as is the case with most complex synthetic chemicals. This is because regulators and the public wish to know what chemicals in foodstuffs result from human activity, and the use of the term residue addresses this need. By the same token, the term residue to describe a biogenic level of a compound is misleading. The range of level is important in determining the presence of residues. For example, it may be misleading to describe low levels of CS 2 as residues, but levels of 10 ppm should be regarded as residues. The reason for this distinction is that 10 ppb falls within the observed biogenic range, whereas the level of 10 ppm does not. With EtF, it would be difficult to demonstrate that levels below 10 ppm in random samples of cereal grains were residues; on the other hand, it would be undesirable if widespread use of this material were to raise average levels toward the upper percentile of the natural range.
In many areas of analytical chemistry, the amount of a chemical is calculated from the measurement (e.g., optical density) of a sample less that of a blank sample. The difference between results in the fumigated and control foodstuff can then be defined as the residue resulting from the treatment. This technique is used in analysis of HCN (33, 115, 116) where HCN residues are defined as the amount in fumigated product less the amount of HCN and/or interferences in unfumigated material. Such methodologies are valid in trials, where a commodity is divided into subsamples, some of which are fumigated whereas some remain unfumigated controls. However, such methodologies are not generally suitable for screening for residues because the level in the control may fall anywhere within the range of biogenic levels. If the level in the sample is x units, and the biogenic range falls between a and b units, the value of the residue falls within the range (xb) units and (x -a) units. Such results do little to define residues, except when x is much greater than each of a and b.
The difference between residue and level is relevant to several situations in fumigant analysis. For example, studies on EtF applied to lettuce (22) , grapes (25) , and wheat (23) have shown that levels of EtF in fumigated commodities became, after a withholding period, indistinguishable from those in the control, or, at least, that there was no relationship between amount found and dose. We believe that the term residue is misleading in such cases, that is, in situations where there is no significant difference between levels in treated and control samples.
Problems of Fumigant Precursors that Form Fumigants During Analytical Procedures
Most complex compounds, such as fenitrothion, are present in foodstuffs either as intact molecules, which are called residues, or as alteration products, such as 4-nitro-3-methyl phenol, which are not usually classified as residues. An exception is CH 3 Br, where regulations have been based on bromide ion, sometimes together with limits on CH 3 Br. In these examples, the alteration products, whether phenols or ions, do not react during analytical procedures to generate the pesticide from which they are derived. However, some simple molecules that are also fumigants may be present as addition compounds or as conjugates that may release the fumigant during workup. Such release may be either intentional or undesired. An example of such fumigant precursors is HCN. Turtle (1941) developed a method for determination of HCN that was aimed at maximum production of this fumigant from cyanohydrins, and this was achieved from steam distillation at controlled pH. In this analysis, HCN is defined as all derivates of HCN that can be converted to this fumigant by acid hydrolysis. Similarly, PH 3 is defined (18) as all phosphides determined as PH 3 after acid hydrolysis designed to optimize the yield. In these 2 examples, the residue of fumigant is defined as the amount of fumigant that can be obtained after prescribed chemical reactions. However, is there any logical basis for prescribing such reactions? For example, if a metal phosphide is defined as PH 3 because it can be hydrolyzed to this fumigant, should phosphate be regarded as PH 3 because it can be reduced to this fumigant? Clearly, metal phosphides but not phosphate are regarded as PH 3 precursors, and, in a similar manner, cyanohydrins but not formamides are regarded as HCN precursors. The basis of such distinctions, we believe, is toxicological, rather than chemical. That is, mammals consuming phosphides or cyanohydrins would rapidly convert these chemicals, but not phosphate or formamide, into PH 3 and HCN, respectively. In addition, metal phosphides are not known to occur naturally in foodstuffs so that the procedure of hydrolyzing them to PH 3 clearly determines a residue from human activity.
The situation with the formation of sulfur fumigants from precursors is more complex than the formation of PH 3 from phosphide ion, and formation of HCN can also be complex. For example, Brassica spp. contain glucosinolates, and these, after grinding, react with myrosinase to release isothiocyanates, which, in turn, can react with water to form COS. Further hydrolysis of COS generates H 2 S, which reacts with isothiocyanates to form CS 2 . These processes were postulated by Von Schildknecht and Rauch (117) for horseradish, and we have obtained similar results from other Brassica spp., including canola and mustard. It would be possible to devize analytical procedures that would optimize yields from glucosinolates of either isothiocyanates or COS or CS 2 . It is not suggested that there is any sense in optimizing levels of sulfur fumigants derived from glucosinolates. However, different analytical methodologies could well result in formation of either compound, and it would be possible that levels of such chemicals would be classified as residues. For example, grinding cabbage in a closed system (19) , heating horseradish with water and purging (117) , and standing cheese in a sealed container (118) generate COS. The problem is important because of the ubiquity of glucosinolates in human diets. For example, the average daily intake of glucosinolates in the United Kingdom has been estimated as 46 mg, and 5% of the population is estimated to consume more than 300 mg daily (119) . In addition, we have found COS during the procedure of heating cereals with 10% H 2 SO 4 to determine PH 3 (51) , and heating of soils is postulated to generate CS 2 (46) .
The problem of fumigant precursors is especially troublesome, we believe, in Brassica spp., which contain relatively high proportions of nonprotein nitrogen, including the thiocyanate ion. This reacts with concentrated H 2 SO 4 to generate COS in high yield and with acid at stomach pH (pH 1) to generate COS and HCN (77; unpublished data). Thus (our results), if canola meal is extracted in aqueous acetone, levels of COS and HCN are less than 1 ppm; if it is extracted in 0.05M H 2 SO 4 , they exceed 10 ppm; if it is extracted in concentrated H 2 SO 4 , levels of COS exceed 100 ppm. There are 2 separate questions that arise from these studies. One is the toxicological significance from such results, where reactions at stomach pH may generate significant levels of COS and HCN. The other question concerns the quantitation of either levels or residues, which depends on the assumptions of the appropriate method of analysis. Chemists need to be aware of such problems and, ideally, develop analytical procedures that can distinguish between fumigant residues and fumigant precursors.
In summary, there are 2 aspects of fumigant chemistry that generate special problems. The first aspect is the natural presence of some fumigants. In such situations, it is possible to draw an analogy with heavy metals. In each case, the chemical may be present naturally, as a result of human activity, or from a combination of each factor. In such situations, considerable care is required to demonstrate the presence of residues, which, by definition, result from human activity. Care is also required in identifying the cause of some fumigation alteration products, including formic acid (26) and bromide ion (81) .
The second special problem in fumigant analysis is due to the simple nature of the molecules, which is the major reason why they may exist as precursors or are formed during procedures used in analytical methodology.
Daft (3) has noted that fumigant residues in foodstuffs may arise from processes other than fumigation, for example, from packages, spills, laboratory contamination, etc. We add that fumigant residues, such as low levels of CS 2 , may also have natural origins. If so, the word residue seems to be misleading because there is no obvious way of distinguishing between some natural levels and anthropogenic levels in screening programs, except where levels from human activity significantly exceed the range of biogenic levels.
The long-term trend in analysis is to reduce usage of solvents, and techniques such as solid-phase extraction and supercritical fluid extraction will become more prevalent in fumigant analysis.
The long-term trend in pesticide use is toward chemicals that are readily biodegradable and that leave low residues and, in some situations, that are "natural products." The type of situation exemplified for EtF and COS may become more common. If so, it would require careful consideration by toxicologists and chemists on the meaning of residue. We suggest that the term residue be restricted to levels of chemicals outside the range that occurs naturally; in other situations, it is more appropriate to use such terms as levels, or level, either biogenic or anthropogenic. In situations where residues of a range of fumigants are tabulated, it would be appropriate to indicate the range of natural levels.
Conclusions and Recommendations
(1) We reiterate the conclusions of, for example, Heuser (85) and Gunther (53) that residue methodology must include studies on real-life samples with incurred residues.
(2) We regard as serious the absence of a multiresidue procedure for determination of fumigants currently applied to foodstuffs postharvest. Fumigants should be able to be screened in a similar manner to other pesticides.
(3) We draw attention to problems in interpretation of residues of chemicals where levels after fumigation and airing are comparable to natural levels and to the associated problem of transformations during analytical procedures that convert fumigant precursors into fumigants.
